Recently, methods have been developed to culture dissociated tracheal epithelial (TE) cells. Attempts were made to infect these epithelial cells with mouse cytomegalovirus (MCMV) to see if the dissociated epithelial cells share characteristics of infection with MCMV-infected tracheal organ cultures. When isolated TE cells were incubated with MCMV at multiplicities between 0.10 and 2.0, no infection or minimal infection resulted. Centrifugation of virus onto the TE cell sheets also resulted in only minimal infection. If MCMV-infected mouse embryo fibroblasts were added to cultures of TE cells, however, the TE cells subsequently became infected. TE cells could also be infected by incubating MCMV with mixed cultures of uninfected fibroblasts and TE cells. The epithelial nature of infected cells was confirmed by electron microscopy. Reconstruction experiments demonstrated that fibroblastmediated infection of mouse TE cells with MCMV was not simply due to the large amounts of virus provided by the infected fibroblasts. It is suggested that cell-cell contact, or fusion with infected cells is required for productive infection of TE cells with MCMV.
INTRODUCTION
Cytomegaloviruses (CMV) are important causes of human disease, with epithelial cells often functioning as target cells for the infection. In many cases, however, epithelial cells have proven resistant to infection by CMV in vitro. Consequently, fibroblasts have been the cell type of choice for growing and studying CMV in the laboratory. In recent years several epithelial cell culture systems have been described which allow growth of CMV in vitro, among them routine tracheal organ culture (M/intyj/irvi et al., 1977; Nedrud et al., 1979 Selgrade et al., 1981) . Using tracheal organ culture, we have previously observed persistent mouse CMV (MCMV) infection of the tracheal epithelium and have shown a genetically determined resistance to MCMV infection of the epithelium which correlates with the whole-animal genetics of resistance to MCMV (Nedrud et al., 1979 . In order to determine if these in vitro correlates of in vivo MCMV infections are inherent to the tracheal epithelial cells or whether these in vitro correlates are instead restricted to the more complex organ culture system, we devised methods to isolate and grow tracheal epithelial cells in vitro (Wu et al., 1982; Nedrud & Wu, 1982) . Here we report the results of our attempts to infect these isolated tracheal epithelial cells with MCMV.
METHODS
Mice. CF-1 and BALB/c mice were obtained from Charles River Breeding Laboratories (Wilmington, Mass., U.S.A.) both for immediate use and as breeding stock to produce mice in the animal facilities at the University of North Carolina. Six-to 12-week-old animals of both sexes were used, although mice were matched for age, sex and strain within individual experiments. Virus. MCMV (Smith strain) was obtained from the American Type Culture Collection. The seed virus was passed twice in mouse embryo fibroblasts (MEF) and three times through mice. Salivary gland virus pools were prepared as described by . Cell culture-passaged virus pools were prepared by infecting MEF with plaque-purified MCMV at a multiplicity of 0.05 and harvesting the virus when the monolayers showed 100 K cytopathic effect (c.p.e.). Monolayers of infected cells were frozen and thawed three times followed by low-speed centrifugation, division of the clarified culture fluids into aliquots, and storage of the virus at -70 °C. Herpes simplex virus type 1 (HSV-I) was obtained from Dr S. Bachenheimer at the University of North Carolina and was propagated in CV-I cells. MCMV titrations were carried out in MEF and HSV-1 was titrated in Vero cells as described by Nedrud et al. (1979) .
Cell culture and virus infections. CV-1 cells, Vero cells and primary MEF were grown in Eagle's minimal essential medium (MEM, Gibco) supplemented with 5 to 10~ calf serum (Colorado Serum Company, Denver, Co., U.S.A.).
Tracheal organ cultures were prepared and infected with MCMV and HSV-1 as described by M~intyj~irvi et al. (1977) . Pure populations of isolated tracheal epithelial (TE) cells were prepared and grown on collagen gels in hormone-supplemented medium as described by Wu et al. (1982) and Nedrud & Wu (1982) . TE cell cultures in 35 mm dishes were infected by incubating with 0.4 ml of virus at the desired dilution for 90 min. Virus was then removed and the TE cells were fed with 1 ml fresh medium. For HSV-1 growth curves, culture fluids were replaced every day or every other day and the spent medium was frozen at -70 °C for subsequent titration. Uninfected or MCMV-infected TE cell cultures were fed twice-weekly. Cultures were examined daily with an inverted microscope for virus c.p.e. Samples were prepared for light and electron microscopy as described by .
RESULTS
Isolated TE cells were infected with either mouse salivary gland-derived MCMV or with plaque-purified, MEF-passaged MCMV at multiplicities of infection between 0.1 and 2.0. Primary or first passage epithelial cells were infected between 4 and 7 days after seeding, while the cells were rapidly dividing. No CMV characteristic cytopathic effects were ever observed with either salivary gland-or cell-passaged virus in a total of 10 experiments. In addition, in eight of the experiments, although input virus could always be demonstrated, MCMV titres in culture fluids declined to low or undetectable levels between 10 and 20 days after infection. In the other two experiments, levels of virus between 102 and 103 p.f.u./ml were detected in culture fluids from two out of a total of three infected dishes between 15 and 25 days after infection. Fig.  1 shows results from a typical experiment. Here, input MCMV steadily declined until it was undetectable by 12 days after infection. Fig. 1 also shows that, as previously reported (M~intyj~irvi et al., 1977; Nedrud et al., 1979) , MCMV will infect tracheal epithelium in organ cultures, with peak virus titres between 105 and 106 p.f.u./ml coming between 2 and 3 weeks after infection. In contrast to MCMV, another herpesvirus, HSV-1, rapidly infected the TE cells giving peak titres greater than 106 p.f.u./ml 2 days after infection. HSV-1 infection of tracheal organ cultures gave a similar result but with lower peak titres.
In order to resolve the paradox of non-infection by MCMV of epithelial cells in dissociated cell culture and ready MCMV infection of epithelium in tracheal organ culture, attempts were made to infect isolated mouse TE cells by additional methods. When previously infected MEF were trypsinized and added to dissociated TE cell cultures, foci characteristic of MCMV c.p.e. began to appear in the TE cells after about 10 days, a time when lysis had occurred in nearly all the infected fibroblasts. Furthermore, as shown in Fig. 2(a) , whereas virus titres dropped to undetectable levels 13 days after subculturing infected fibroblasts alone, if infected fibroblasts were passed onto TE cells, virus titres greater than 105 p.f.u./ml persisted until the experiment was terminated. Fig. 2(b) shows that similar results were obtained if uninfected MEF were added to cultures of uninfected mouse TE cells and the resulting mixed cultures were then infected with MCMV. Table 1 summarizes the results from several mixed TE cell/fibroblast infection experiments. At 20 days after infection, virus titres in culture fluids of mixed epithelial/fibroblast cultures averaged greater than 105 p.f.u./ml and always exceeded the titres of infected epithelial cells alone by at least 100-fold and more typically by greater than 1000-fold. The infected foci in these cultures were epithelial in nature (see below) and any contribution to the viral titres by fibroblasts was probably minimal since total lysis of the infected fibroblasts occurred after 10 to 15 days. In addition, Table 1 shows that virus titres from parallel cultures of fibroblasts infected alone declined to low or undetectable levels by 20 days post-infection. electron micrographs, respectively, of infected cells in a similar focus. These micrographs confirm the epithelial nature of the infected cells in these foci. Furthermore, the infected epithelial cells in these foci contain large numbers of typical herpesvirus group virions and these cells are virtually indistinguishable from the infected epithelial cells observed in MCMVinfected tracheal organ cultures (Mfintyjfirvi et al., 1977; Nedrud et al., 1979 .
Presumably the presence of MCMV-infected fibroblasts in mixed TE cell/embryo fibroblast cultures had somehow allowed the epithelial cells to become infected. Reconstruction experiments were performed in order to determine whether infected fibroblasts might simply be providing high titres of virus over a long period of time, thereby overwhelming a low natural infectibility of mouse TE cells by MCMV. Results from a typical reconstruction experiment are shown in Fig. 4 . Here, instead of removing the virus inoculum from infected TE cells after 90 min incubation, MCMV was left on the epithelial cell sheets and additional virus was added at various times after infection to approximate the levels of virus provided by infected fibroblasts.
Although adding additional virus in this way may have resulted in a limited infection of TE cells, as evidenced by viral titres between 102 and 103 p.f.u./ml between 25 and 30 days after infection, no foci of viral c.p.e, were observed. In the same experiment, mixed epithelial cell/fibroblast infection with a single inoculum of virus for 90 min resulted in widespread foci of c.p.e, and approximately 100-fold more MCMV in culture fluids at 20 or more days after infection. Two additional experiments gave similar results.
In another attempt to overcome the low infectibility of mouse TE cells by MCMV, virus inoculum was centrifuged onto TE cells for 30 min at 900 g. The rationale for this was the observation that centrifugation increases the number of plaques of MCMV on embryo fibroblasts (Osborn & Walker, 1968; Hudson et al., 1976) . Again, limited infection of TE cells may have occurred but 1000-fold or greater yields of virus were obtained after infection not involving centrifugation, of mixed epithelial/fibroblast cell cultures (Fig. 5) .
MCMV yields per infected TE cell are difficult to quantify precisely in this system due to the focal nature of the infection. For HSV infection of TE cells (Fig. 1) was involved, approximately 10 p.f.u./cell were produced at the peak, 2 to 3 days after infection. Peak titres of MCMV occurred 10 to 20 days after infection (Fig. 2, 4 , 5) when the TE cells sheet had proliferated to approximately 106 cells per 35 mm dish. Assuming 1 0~ of the TE cells were then involved in the focal MCMV infection, the virus yield was approximately 10 p.f.u./cell, the same figure as calculated for HSV.
One of the characteristics of MCMV infection of tracheal epithelium in organ culture is the persistent nature of the infection . To gauge whether or not isolated TE cells could similarly be persistently infected, several experiments were continued beyond the usual 20 to 40 day termination time. An example, shown in Fig. 6 , demonstrates that isolated mouse TE cells, when infected in mixed culture, could become persistently infected, with visible foci of c.p.e, and demonstrable viral titres for 100 days or more. 
DISCUSSION
The results presented in this paper indicate that isolated, cultured mouse TE cells are difficult to infect with MCMV. This result is in sharp contrast to the relative ease with which tracheal epithelium can be infected in tracheal organ cultures (M~intyj~irvi et al., 1977; Nedrud et al., 1979 . When infection was attempted, mouse TE cells were rapidly dividing, making lack of proliferation (Muller & Hudson, 1977; an untenable explanation for their failure to replicate MCMV. The differentiation state of cultured cells has also been reported to affect their capacity to replicate MCMV (Dutko & Oldstone, 1981) . Cultured mouse TE cells, however, displayed cuboidal or squamous morphologies very similar to the hyperplastic state of the epithelial cells in successfully infected tracheal organ cultures (M~intyj~trvi et al., 1977) . The non-infectivity of MCMV for dissociated cultured mouse TE cells seems to be peculiar to MCMV, since another herpesvirus, HSV-1, infected TE cells readily in both organ culture and dissociated cell culture.
One possible explanation for the non-infectibility of isolated mouse TE cells by MCMV is that the methods of cell isolation and culture selected for a non-infectible subpopulation of epithelial cells. While this possibility cannot be entirely ruled out, it is made unlikely by the fact that cultured mouse TE cells would in fact replicate MCMV if infected embryo fibroblasts were present in the cultures. Once infected by this method, the TE cells form foci of infection very similar to the foci observed on infected tracheal organ cultures (M~intyj~irvi et al., 1977; Nedrud et al., 1979 . The epithelial cells in these foci of TE cells contained large numbers of viral particles and were virtually indistinguishable ultrastructurally from the infected epithelial cells in tracheal organ culture (M~intyj~irvi et al., 1977; Nedrud et al., 1979 . 
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The capability of co-cultivated embryo fibroblasts to enhance the MCMV infection of isolated TE cells could be interpreted in several ways. First, fibroblasts might be altering either the virus or the TE cells. Second, the fibrobliists could be providing large amounts of virus and overwhelming any barriers to infection of the TE cells. Lastly, TE cells might require cell-cell contact with other infected cells for productive infection to occur.
The first of these possibilities, that the fibroblasts are somehow producing an altered virus which can grow in epithelial cells, is unlikely. Both mouse-passaged (salivary gland homogenate) pools of virus and MEF-passaged pools of MCMV were equally non-infective for isolated TE cell cultureS. However, the same pools of virus that would not infect TE cells alone, readily infected both fibroblasts alone and mixed TE/fibroblast cell cultures. In some cases, cells from the same preparation of embryo fibroblasts were used both in mixed TE/fibroblast cell cultures and to produce a virus pool which would infect either these mixed cultures or fibroblasts alone but which would not infect epithelial cells alone.
The embryo fibroblasts in mixed cultures might instead be altering the epithelial cells, thus enabling an infection. This too is unlikely. While feeder layers of fibroblasts are sometimes required for the growth of epithelial cells (Rheinwald & Green, 1975; Gray et al., 1983) , the methods used to grow mouse TE cells were carefully and specifically developed to avoid the need for a feeder layer (Wu et al., 1982; Nedrud & Wu, 1982) . Adding embryo fibroblasts to cultures of mouse TE cells did not markedly alter either the growth patterns or morphology of cultured TE cells (J. G. Nedrud, unpublished results). Furthermore, any TE cell-altering factors produced by embryo fibroblasts would have to be labile enough to be absent from clarified, embryo fibroblast-passaged virus pools yet acting rapidly enough to alter the TE cells permanently with no need for further presence of the fibroblasts. This is so because infection of TE cells could be initiated using already lytically infected MEF (Fig. 2a) . Whereas these infected MEF were all dead within a few days, TE cells formed foci of infection which could continue to produce virus for 100 or more days after all the fibroblasts had died (Fig. 6) .
The hypothesis that fibroblast-produced virus was simply overwhelming any natural barriers to infection of TE cells is addressed by the data in Fig. 4 . Here, added quantities of virus equal to or greater than that produced by cultured embryo fibroblasts failed to initiate infection in all but a very small number of TE cells. No foci of infection were observed and approximately 100-fold less virus was produced than in TE cells infected at the same time using the mixed cell technique. Nor was centrifugation of MCMV onto TE cell sheets successful in initiating infection of TE cells (Fig. 5) . Centrifugation of MCMV onto embryo fibroblasts has been shown to increase viral yields up to 100-fold by Hudson et al. (1976) and Osborn & Walker (1968) .
The remaining possibility, that to be infected by MCMV TE cells require cell-cell contact with other infected cells, is the most likely. All the data presented here are consistent with such a hypothesis which is specifically supported by the fact that mixed cell infection of TE cells is initiated and spreads from well-defined foci of MCMV c.p.e. Since tracheal organ cultures contain many cell types, including both fibroblasts and epithelial cells, it is also possible that the epithelium in tracheal organ cultures may be infected by a mechanism similar to this. This might explain the relatively slow course of MCMV infection in tracheal organ culture (compared to MCMV infection offibroblasts or to other virus infections of tracheal organ cultures) even when pre-cultured tracheal rings are utilized to ensure a supply of proliferating cells .
Presumably, TE cell contact with other infected cells is required because the TE cells lack a functional receptor for MCMV. If other epithelial cells also lack receptors for cytomegaloviruses, this might explain the long-standing paradox between the seeming non-infectibility of many epithelial cells in vitro and the propensity of cytomegaloviruses to infect epithelial tissues in vivo (Benyesh-Melnick, 1969) . In vivo there are invariably stromal, fibroblastic cells closely associated with epithelium, whereas in vitro pure epithelial or epithelioid cells have been used. In any case these hypotheses are testable using CMV binding and penetration studies. Such a mechanism for infection of epithelial cells might also help explain the observed persistence of cytomegaloviruses in epithelial cells in vivo and in vitro (Henson & Neapolitan, 1970; Fong et al., 1980; Reynolds et al., 1974) . Requirement for cell cell contact in infection of epithelium might help reduce CMV pathogenicity, one characteristic of persistent viral infections (Mims, 1974) .
